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Flow in valve covered orifice nozzles with cylindrical and
tapered holes and link to cavitation erosion and engine
exhaust emissions
M Gavaises*
City University London, Northampton Square, London, UK
Abstract: Results from a research programme addressing the development, testing, and
production of valve covered orifice (VCO) nozzles operating with current production Tier 3 off-
highway diesel engines are reviewed. The common rail injectors operate at pressures exceeding
1300 bar and include pilot and main injection events. Although acceptable engine exhaust
emissions can be obtained with conventional VCO nozzles, cavitation erosion may lead to
mechanical failure of the nozzle. Redesigning the injector in terms of its durability against
surface erosion has been obtained through use of a computational fluid dynamics (CFD) flow
solver incorporating a two-phase cavitation model and flow visualization in enlarged
transparent nozzle replicas. The model has provided evidence of the flow distribution under
realistic pressure and needle lift opening scenarios while at the same time it has been
calibrated to indicate the locations where the possibility of cavitation erosion may become
significant. The experiments performed in enlarged transparent nozzle replicas have provided
evidence of the string cavitation structures formed inside the different nozzle designs. Cross-
correlation with engine emission tests indicates that string cavitation may be associated with
increased engine exhaust emissions. Proposed injector designs with geometric modification
easily implemented in the production series have been proved to be erosion-free while at the
same time have improved the engine exhaust emissions.
Keywords: valve covered orifice nozzles, cavitation erosion, engine exhaust emissions, CFD
flow solver
1 INTRODUCTION
Legislation in Europe and in the rest of the world is
set to impose further restrictions on the level of
emissions permitted from diesel engines in both the
domestic and commercial sectors. The main diffi-
culty posed for the automotive engineering commu-
nity is how to achieve the new requirements, which
involve the simultaneous reduction of NOx and
particulates, while reducing noise and fuel con-
sumption. Computational fluid dynamics (CFD) has
become an integral part of the analysis and design of
automotive products [1–3]. Furthermore, it is well
known that the performance and exhaust emissions
of direct injection (DI) diesel engines are strongly
affected by the nozzle flow exit characteristics, which
control the atomization process of the injected fuel
and the subsequent spray development.
Under most operating conditions cavitation oc-
curs inside the injector nozzle [4]; this is generally
accepted as one of the most important parameters
affecting fuel spray atomization [5,6]. At the same
time, increased injection pressures and multiple
injections may result in unsteady cavitation within
the fuel system, which might have implications for
erosion. According to references [7] and [8] combi-
nation and further optimization of a number of
technologies, including the shape and manufactur-
ing of tapered nozzles with smaller hole sizes, will be
needed to meet future emission legislation. How-
ever, it is known that nozzle cavitation is a transient
phenomenon even under steady state operating
conditions, while its effect on the spray structure is
still not well understood.
Cavitation is predominantly of the geometric type,
although the vortex type (known as ‘string cavitation’)
is also encountered [9]. It is also known that the
implosion of cavitation bubbles causes, given suffi-
cient time, severe erosion on the material surface of
hydrodynamic equipment [10, 11]. Depending on
its structure, the material is locally deformed,
loosened, and eventually eroded in particles in
various ways. The mechanism that is believed to
cause this phenomenon is the frequent strain arising
from the pressure waves created partly by the micro-
jet and partly by the local shockwaves that are
induced by bubble collapse. For this reason, diesel
nozzles are susceptible to cavitation erosion and
fatigue, given the fact that these phenomena can
lead to catastrophic failure of the injectors [12].
Moreover, the fact that cavitation can also inflict
damage on hydraulic equipment [13] makes im-
perative the assessment and improvement in terms
of erosion resistance of materials that could be used
for the manufacture of such equipment.
Regarding theoretical works on cavitation erosion,
only a limited number exists. In reference [14] a
Rayleigh model for a single collapsing bubble was
developed with assumed toroidal shape including a
harmonics analysis in relation to potential erosion
caused by such a bubble. In a recent study [15] an
analytical model for the prediction of cavitation
erosion of ductile materials was presented. The basis
for the model is a physical analysis of the work-
hardening process due to the successive bubble
collapses. However, given the complicated flow
structures developing inside diesel injectors operat-
ing under realistic injection pressures and needle lift
traces, including multiple injections, it is practically
impossible to make real-time measurements of the
acoustic pressures resulting from the collapse of
cavitation bubbles and which can be considered
responsible for the damage. Qualitative and quanti-
tative information for the cavitating flow parameters
can be obtained from computational fluid dynamics
models. In this study, cavitation is modelled using
the Lagrangian model of references [16] and [17].
The model has been applied to the simulation of
diesel fuel injection systems that have been found to
suffer from erosion [18]. To represent operating
conditions as closely as possible to the actual engine
environment, measured injection pressure and nee-
dle lift traces have been used, both for pilot and
main injection events.
Parallel to the simulation work, evidence of the
cavitation structures formed in the particular nozzle
geometries investigated is provided from flow visua-
lization studies with large-scale transparent nozzle
replicas. As previously reported in reference [9],
among other published studies, dynamic flow
similarity based simultaneously on the Reynolds
and cavitation numbers can be applied to provide
better understanding of the cavitation formation and
development. These data not only provide confi-
dence to the applicability of the computer model to
the systems investigated here but also correlate well
with the cavitation regimes responsible for specific
erosion patterns identified by inspecting damaged
nozzles after a long enough running time. Although
the available tools cannot predict erosion quantita-
tively, it has been possible to derive qualitative
information on conditions that may indicate higher
possibility for damage. This is achieved by compar-
ing instantaneous and time-averaged surface para-
meters, such as the vapour volume fraction and its
standard deviation, as well as the acoustic pressure
resulting from the collapse of the cavitation bubbles.
Verification for the applicability of the method has
been achieved through its application to a nozzle
than, although it cavitates, is erosion-free and where
the value of these parameters is found to be at much
lower levels [18].
The present paper is an extension of the work
reported recently in reference [18] and reviews
results obtained from a research programme set up
to resolve simultaneously the cavitation erosion
problem while satisfying the engine exhaust emis-
sion requirements. The technological challenge
encountered as part of the development of current
production Tier 3 off-highway engines, where sig-
nificant cavitation erosion has been observed at the
entry to and inside the atomizer holes. The erosion
severity was deemed unacceptable for continuing
long-term production and thus an injector redesign
was considered necessary to reduce the erosion to an
acceptable level. The effectiveness of a number of
redesigns has been durability tested on engines. Out
of these, an injector design with a modified needle
shape has provided a substantial reduction in the
erosion severity and frequency of its occurrence [18].
However, emissions and performance testing on the
engine has shown that they cause a deterioration in
the PM versus NOx +HC trade-off characteristic.
The deterioration in emissions capability pre-
cludes certain ratings from achieving the long-term
emissions legislation compliance requirements. The
problem statement can be thus set as follows: what
injector design changes are required to give accep-
table emissions, without compromising engine per-
formance and with cavitation erosion control? As part
of the investigation, both cylindrical as well as tapered
nozzle holes have been employed. Tapered nozzle
holes are known to suppress cavitation and thus suffer
less or completely eliminate cavitation erosion. The
findings from the present study have demonstrated
that the dynamic or string cavitation formation and
development may be responsible for increased engine
exhaust emissions. Formation of such structures is
enhanced with a specific combination of the needle
valve shape and the tapered nozzle holes.
The next section of the paper describes briefly the
computation model, the flow test rig as well as the
nozzle geometries and operating conditions tested.
Then, the results obtained are presented, followed by
the most important conclusions.
2 RESEARCH TOOLS
As mentioned, both computational fluid dynamics
models predicting cavitation as well as visualization
studies in transparent enlarged nozzles have been
employed for understanding the flow development
in the specific nozzles under investigation. A
brief description of the modelled physical pro-
cesses as well as a description of the visualization
rig is given.
2.1 Computational model
The developed and validated Eulerian–Lagrangian
cavitation model is presented in detail in references
[16] and [17]; thus, mathematical details are not
repeated here. Also, the details of the specific models
and flow processes considered can be found in
reference [18] for the same nozzle designs. Here,
only a brief summary of the computational model is
given below.
The in-house GFS RANS flow solver, as modified
in reference [16], has been used to simulate the flow
inside the nozzles tested. This model is capable of
simulating the geometric-induced hole cavitation
but not string cavitation; thus, model predictions
can be used only to complement the experimental
results, in order to assist in the interpretation of the
obtained images. For the liquid phase the volume
and ensemble-averaged continuity and Navier–
Stokes equations are solved. As a result of the
dynamic interaction of the cavitation bubbles with
the surrounding pressure field the available volume
for the liquid phase can change significantly. The
effect of the additional vapour is taken into account
by including the liquid phase volume fraction al
(referred to as the ‘liquid fraction’) in the conserva-
tion equations. Moreover, due to the slip velocity
between the cavitation bubbles and the flowing
liquid, there is additional interaction which is taken
into account with the inclusion of the appropriate
source terms in the conservation equations
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In equation (2) with the term smomentum the effect
of the cavitation bubbles’ relative motion upon the
liquid phase is taken into account. Although a model
that can address the combined effect of turbulence
and cavitation on the flow has as yet not appeared,
nozzle flows are highly turbulent and the standard
two-equation k–e has been employed for the con-
sideration of turbulence effects. Additional effects of
the bubbles’ relative movement on the liquid phase
turbulent kinetic energy and dissipation are also
included. It has to be noted that as part of the
numerous numerical tests that have been performed
during the development of the model, a number of
other turbulence models have been tested, apart
from the standard k–e, namely the re-normalisation
group theory (RNG) of reference [19] and the a non-
equilibrium version of reference [20] as applied in
the simulation of cavitating flows [21].
In single-phase calculations of nozzle flows with
injection and backpressures corresponding to cavi-
tation numbers high enough for cavitation to be
present, the location of its inception is identified
from the numerical cells where the pressure falls
below vapour pressure. The volume of all the
Eulerian grid cells where pressure is below that of
vapour is referred to as ‘tension volume’ and
provides a quantitative indication of how much
liquid is stretched due to the flow. Cavitation
initiates and then further develops the existence of
small spherical bubble nuclei assumed to pre-exist
within the liquid, following a preassigned size and
number distribution according to reference [22].
The model is based on the Eulerian–Lagrangian
approach, while the liquid phase is modelled as the
continuous phase and the cavitation bubbles as the
dispersed one. Many of the fundamental physical
processes assumed to take place in cavitating flows
are incorporated into the model. These include
bubble formation through nucleation, momentum
exchange between the bubbly and the carrier liquid
phase, bubble growth and collapse due to non-linear
dynamics according to the early study of reference
[23], bubble turbulent dispersion as proposed in
reference [24], and bubble turbulent/hydrodynamic
break-up, based on the experimental observations of
reference [25]. The effect of bubble coalescence and
bubble-to-bubble interaction on the momentum
exchange and during bubble growth/collapse is also
considered. More details and a thorough validation
of the model can be found in references [16] and
[17].
The second-order Crank–Nicolson discretization
scheme has been employed for modelling the time
derivatives of the solved equations. The time step
used for the simulation of the nozzle volume flow
has been varied between 1024 and 1025 s, which is
short enough to capture the transient development
of the vortices formed inside the nozzle. However, a
much shorter time step of 0.561027 s has been used
for simulating the cavitation structures formed
inside the injection hole. It has to be noted that an
adaptive time step with values down to 10212 s is
used in the integration of the Rayleigh–Plesset
equation proposed in reference [26], for simulating
the growth and collapse of the cavitation bubbles.
Regarding spatial discretization, the second-order
scheme of reference [27] has been used in addition
to the first-order hybrid scheme. Fully unstructured
numerical grids consisting of tetrahedral and hex-
ahedral elements have been used.
The cavitation model has an inherent transient
characteristic and thus transient simulations are
performed even for fixed needle lift and steady
pressure boundary conditions. This is due to the
nature of cavitation formation and collapse pro-
cesses, which deviate from thermodynamic equili-
brium conditions. Cavitation is initiated when the
predicted pressure falls below the vapour pressure of
the working fluid. When the second vapour (bubbly)
phase is introduced into the system of the solved
equations, the pressure recovers from the values
below the vapour pressure, which obviously are a
prerequisite for the incipience of cavitation, towards
the threshold limit above which nucleation of new
bubbles stops. The number of bubbles forming
depends on the liquid available locally for nuclea-
tion. This result in an inherently transient pattern to
the formation of bubbles since when more vapour is
present, the local pressure recovers towards the
nucleation threshold value, which in turn reduces
the amount of cavitation formed.
This adds to the time-dependent and explosive
growth/collapse process which the bubbles undergo
once they have been formed. Time-averaging over
the pilot and/or main injection duration period can
lead to estimation of a locally mean vapour volume
distribution but also to its standard deviation. That
can allow identification of designs associated with
more or less stable cavitation patterns. For the
purposes of the present investigation, where surface
erosion is to be related with the development of the
cavitation, predicted values on the surface on the
nozzle are recorded.
In addition, the so-called ‘acoustic pressure’,
calculated as
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in reference [11] has been further estimated on the
wall surface. In this equation, V is the bubble
volume, r the liquid density, t stands for time, and
l the distance of the bubble from the wall. The value
of the acoustic pressure to be presented in the
following sections has been calculated as the sum of
the contribution from all bubbles during their
tracking time step. An average value has been
calculated over the pilot and main injection pulses.
The values of this integral quantity are normalized
relative to those obtained for the standard VCO
nozzle with cylindrical holes; these will be referred to
as relative acoustic pressure. It will be shown later
that all these three parameters can indicate in
relative terms conditions that are more likely to
result in cavitation erosion.
2.2 Flow visualization
Transparent nozzles were manufactured from an
acrylic material. The flow rig utilized is that of
references [9] and [28]; all relevant details can be
found there. The working fluid was water at 25 uC.
The flowrate of water was controlled by a valve in the
pipe downstream of the feed pump and measured by
an orifice plate flowmeter. The flowrate from each of
the injection holes was also measured simulta-
neously with the incoming flowrate. Both the
injection pressure and the pressure downstream of
the injection holes were adjusted by restricting the
inflow and outflow of the injector respectively. In
order to reach subatmospheric backpressures and
therefore higher cavitation (CN) and Reynolds (Re)
numbers, a suction pump was installed in addition
to the main feed pump. The Reynolds number has
been defined on the basis of the mean flowrate and
average hole diameter while the cavitation number is
defined here as CN5 (PINJ2PBACK)/(PBACK2PV).
Since it is important to gain knowledge about the
dynamics of the cavitation inception and formation
processes for various flow conditions, a high-speed
digital video system was set up. For the particular
cases investigated here, usually 6000 to 16 000 fps
were sufficient to capture the temporal development
of cavitation using a shuttering time of 30 ms. In total
up to 4000 images were collected for a particular
case. A strong halogen floodlight together with some
halogen spotlights were necessary to provide enough
light for the intensified charge coupled device (CCD)
video chip in combination with the high frame rates.
3 TEST CASES
All injector designs investigated are fundamentally
the same. They are a single-fluid common rail design
that uses a three-way, solenoid-actuated control
valve. The pressure in the nozzle group is at (or
close to in the case of injections preceded by a close-
coupled injection) injector drain pressure between
injections. The nozzle itself is a VCO design
(Fig. 1(a)). The nominal hole diameter may range
according to the desired flowrate of the nozzle; the
value used for the present investigation is 0.175mm.
For this nozzle, two sites of surface erosion have
been identified and are shown in the scanning
electron microscope (SEM) images of the atomizer
tip, in Figs 1(b) and (c) respectively. The first one is
found at the top part of the hole close to its entry.
This image shows an extreme example produced by
accelerated testing at elevated rail pressure. The
second erosion site has been observed at the 3 and 9
o’clock positions of the hole entrance, as shown in
Fig. 1(c). This time, the surface damage is extended
upstream of the injection hole inside the sac volume.
The other nozzle geometries to be reported here are
shown in Fig. 2. Starting from the original VCO
nozzle of Fig. 2(a), the modified needle design has a
groove in the needle. Results for this design relative
to the original one have been reported in reference
[18].
Although the flow through this nozzle has resulted
in significantly reduced cavitation formation and
collapse during the opening and closing stages of the
needle, increased engine exhaust emissions have
made application of this nozzle more difficult. The
HC emissions with the VCO-grooved nozzle are
generally higher.
The conclusion that might be drawn from this is
that the HC emissions performance of injectors
improves with time. It is clear that the poor HC
performance of the grooved nozzle compared with
the standard VCO nozzle has a substantial detri-
mental effect on the NOx +HC versus PM trade-off.
This is true in respect of its effect on the nominal
difference in the trade-off curves and also the
injector set-to-injector set variability. Tests were
carried out using stochastic process modelling
(SPM). For each nozzle variant, the best NOx +HC
versus particulate trade-off curve was obtained
within the bounds of maximum rail pressure, timing,
and cylinder pressure limits, and the end of injection
limits. However, the same pilot quantity and dwell
were used in each case. The rail pressure range
across the datum points was 76–110MPa. The SPMs
Fig. 1 (a) Schematic of the VCO nozzle investigated, (b) picture of erosion damage at the top
part of the injection hole, and (c) erosion damage at the two sides of the injection hole
(from reference [18])
for each injector type were carried out on the same
engine.
The new results to be reported here relative to
those of the original designs refer to the two tapered
holes of Fig. 2(b). These nozzles are identical to
those of Fig. 2(a), but the converging tapered holes
greatly modify the pressure distribution within the
nozzle, and as a result the formation of cavitation
and erosion damage. Despite that, engine exhaust
emissions have been improved only with the nozzle
without the grooved needle. The results to be
reported here provide observations of the flow
characteristics in these nozzles, which are funda-
mentally different due to the formation of string
cavitation.
As mentioned, enlarged transparent nozzle repli-
cas have been manufactured for all nozzle designs
investigated; a sample photograph and a bottom-
view picture of the large-scale model layout can be
seen in Figs 3(a) and 3(b), respectively, while
Fig. 3(c) shows the geometric characteristics of the
tapered nozzle hole. The operating conditions tested
for the two large-scale transparent nozzles are
summarized in Table 1. As can be seen, cavitation
numbers between 0.5 and 10 have been tested,
which are similar to those of the real-size injector
operating under engine operating conditions. Ima-
ging was performed for various combinations of the
listed parameters and for different needle lifts. The
values to be reported here correspond to equivalents
of 20, 100, and 250 mm of the actual nozzle.
The measured and calculated discharge coefficients
of all four large-scale nozzles are shown in Fig. 4. The
recovery groove has only a very small effect on the
nozzle discharge coefficient. However, the tapered
hole nozzles have amuch higher discharge coefficient,
as expected. In order to keep the fuel injection
quantity and injection duration the same between
the cylindrical and the tapered holes, the exit diameter
of these nozzles was significantly reduced compared
with the cylindrical ones, down to 162mm. On the
same plot, predictions from the CFD model are also
included; these results are indicated with two hor-
izontal bars. The upper bar corresponds with predic-
tions obtained with the single-phase flow solver and
exhibits values a little higher than those predicted
using the cavitation model of reference [29]. As
mentioned above, this model accounts for the
Fig. 2 Numerical grid of the 60u sector of the VCO nozzle designs investigated: (a) cylindrical
hole nozzle and (b) tapered hole nozzle. For each nozzle, two different needle shapes have
been tested, one with a flat needle as shown and one incorporating a recovery groove
Fig. 3 (a) Photograph of the615 enlarged fully transparent nozzle replica used for visualization
of cavitation inside the injection holes, (b) bottom view of the transparent nozzle
indicating the injection holes numbering and expansion tubes, and (c) tapered nozzle
hole geometric characteristics
geometric-induced cavitation forming at the hole inlet
due to the sharp pressure drop in this area. The model
indicates that cavitation may be responsible for up to
8 per cent reduction in the nozzle discharge coeffi-
cient at low needle lifts while its relative importance
increases with the increased amount of cavitation.
This is the case of the cylindrical hole nozzle at the
highest needle lift setting. As mentioned, there is no
cavitation for the same lift when tapered holes are
employed, so in this case only one horizontal bar is
depicted. Overall, model predictions are close to the
experimental values and thus model predictions can
be considered reliable for providing more detailed
information about the flow distribution inside the
nozzle; more thorough validation of the CFD model
used can be found in reference [17] andmore recently
in reference [30].
Regarding the nozzle flow simulation performed
for the real-size nozzles, the operating conditions
used for the simulation are presented in Fig. 5. This
graph shows the injection pressure and needle lift
diagram used. A fixed 50bar pressure value has been
used at the exit of both nozzles. The model requires
as inputs some initial values for the submodels used;
as mentioned above, a detailed description can be
found in reference [18]. Only one-sixth of the
injector has been simulated, as shown previously
in Fig. 2. The numerical grid consists of approxi-
mately 600 000 numerical cells. For simulating the
transient motion of the needle valve, two grids have
been made at 30 and 150 mm. For needle lifts greater
than 150 mm the second grid was stretched while for
needle lifts lower that 150 mm, stretching of the first
grid is performed; remapping of the solution
between the two grids is required at 150 mm while
the minimum needle lift considered was 5 mm. To
simulate operating conditions lower than this lift,
the flow rate values for these conditions have been
used. Finally, the working liquid was diesel fuel with
a density of 835 kg/m3 and dynamic viscosity of
2.561023 kg/m s.
4 RESULTS AND DISCUSSION
In this section sample results from the various
parametric studies performed are reviewed. The first
important finding regarding the internal nozzle flow
in the cylindrical and tapered nozzle holes is
summarized in Fig. 6. This figure shows representa-
tive images of the observed cavitation in all four
nozzle replicas considered, for all three needle lift
values investigated. Clear differences can be ob-
served not only between the cylindrical and the
Table 1 Operating conditions for the large-scale nozzles
Needle lift (mm)
Pressure (bar)
Cavitation number Reynolds numberInlet Back
Minimum Maximum Minimum Maximum Minimum Maximum Minimum Maximum
20 2.6 7.1 0.6 1.2 2 10.4 10 600 36 000
100 2.8 5.9 0.6 1.3 1.2 8 26 800 48 700
250 4.8 4.8 0.55 0.55 8.5 8.5 60 000 60 000
Fig. 4 Measured and calculated nozzle discharge
coefficient as a function of needle lift for the
different enlarged nozzle model designs inves-
tigated
Fig. 5 Injection pressure, backpressure, and needle lift
used for the pilot and main injection events for
all test cases simulated (from reference [18])
tapered holes but also between the two different
needles. The standard VCO nozzle exhibits forma-
tion of a cavitation cloud at the hole inlet, which
seems to collapse within the injection hole. Increas-
ing needle lift results in fully developed cavitation,
which extends up to the hole exit. The VCO nozzle
with the grooved needle shows that at low needle lift
the formed cavitation is a combination of the
geometric cavitation formed at the hole inlet, but
also string cavitation, which extends up to the hole
exit. This is very clear in the images collected in the
tapered nozzle. There, string cavitation dominates
the flow at low and intermediate lifts while cavita-
tion disappears completely at high needle lifts.
Cavitation strings are much more evident in the
grooved designs rather than in the standard needle.
It is thus clear that the groove enhances the
formation of string cavitation.
Evidence of the flow distribution in the real-size
injector including the motion of the needle valve and
the pulsating fuel rail pressure is provided by the
computational model. Figures 7 and 8 show the
predicted mean cavitation volume fraction and its
standard deviation respectively on the surface of the
injection hole. Two averages have been performed,
one for the pilot and one for the main injection
event. The results indicate that more cavitation is
calculated with the standard needle design. The
standard deviation plots indicate a much more
fluctuating cavitation structure with the standard
needle and, in particular, for the pilot injection
event. Results for the relative acoustic pressure,
shown in Fig. 9, indicate much higher levels of this
parameter for the standard nozzle. The peak level of
this parameter coincides with the erosion site inside
the injection hole, as revealed with the SEM image of
Fig. 6 Sample representative images of cavitation structures formed in the injection hole of the
various nozzle designs investigated at three different needle lifts equivalent to 20, 100, and
250 mm of the real-size nozzle: (a) VCO nozzle, (b) VCO nozzle with a needle groove, (c)
tapered VCO nozzle, and (d) tapered VCO nozzle with a needle groove
Fig. 1(b). All other three designs that have been
found to be free from cavitation erosion after a
sufficient running time also indicate much lower
acoustic pressure levels. It is thus clear that the
groove allows for the flow to turn more easily inside
the injection holes, which has been found to
Fig. 7 Predicted time-averaged mean cavitation vapour volume fraction distribution on the
nozzle hole wall surface for the different designs investigated for (a) pilot injection and (b)
main injection
Fig. 8 Predicted time-averaged standard deviation of mean cavitation vapour volume fraction
distribution on the nozzle hole wall surface for the different designs investigated for (a)
pilot injection and (b) main injection
eliminate cavitation erosion, while tapered holes
further suppress formation of cavitation and elim-
inate erosion.
This can be further interpreted from Fig. 10, which
shows the temporal evolution of the percentage of
the hole exit cross-section occupied by cavitation.
Predictions are shown only for the pilot injection
event. A sharp increase in the amount of cavitation
produced from the opening and closing of the needle
valve can be observed for the standard nozzle
geometry at the early stages of the opening and
closing of the needle valve. The grooved-needle
nozzle reduces this overshoot of cavitation vapour to
levels similar to those realized with the tapered hole
nozzle using the standard needle. A combination of
both tapered-hole and grooved-needle nozzles al-
most eliminates the formation of cavitation, even at
the stages of needle movement.
As already mentioned, unfortunately there is no
model that can predict at present the formation of
string cavitation, which seems to be enhanced by the
presence of the groove and even more of tapered
holes. Thus, information about these flow structures
can be obtained only experimentally. It seems,
though, that they do not contribute significantly to
surface erosion. Apart from the fact that the grooved
nozzle (which exhibits cavitation strings) satisfied
the durability tests, the flow images obtained in the
enlarged nozzle models indicate that a cavitation
string develops at the central part of the injection
hole, and thus do not collapse near the wall surface.
In relation to these observations, it is of impor-
tance to comment on the engine exhaust emissions.
These are summarized in Fig. 11, which shows the
soot–NOx trade-off curve for all four designs. It is
clear that the injectors with an increased appearance
of string cavitation seem to give higher emissions
than those with the ‘conventional’ and repeatable
geometric hole cavitation.
This is likely to be due to the addition of the
recovery groove. The recovery groove not only
increases the parasitic volume below the check seat
but also substantially reduces the length of the
clearance path between the sac and the holes when
the needle valve is seated. The reduced length of the
clearance path would make it easier for the volume
of the fuel in the sac to be drawn into the cylinder
after the needle has been reseated at the end of
injection. The variability is also higher with this
nozzle. In addition, HC emissions increase with
reducing load. This may be due to the lower cylinder
pressures and temperatures at lower loads, causing
the atomization characteristic towards the end of
injection to deteriorate and allowing carryover of
unburnt fuel into the exhaust. The rate of change in
HC with load is greater with the grooved nozzle. This
may be due to the lower pressure at the entry to the
atomizer holes expected with the grooved design.
Fig. 9 Predicted time-averaged relative acoustic pressure on the nozzle hole wall surface for the
different designs investigated for pilot injection
Fig. 10 Predicted temporal evolution of hole exit
blockage for the four designs investigated
(pilot injection, from reference [33])
These hydraulic, atomization, and combustion char-
acteristics are consistent with the relevant literature.
Although there is no direct evidence from spray
characterization studies for the particular injectors
investigated here, results reported in references [31]
and [32] have clearly shown that the presence of
string cavitation greatly modifies the spray angle in a
rather chaotic manner. That, in turn, is expected to
affect the spray development further downstream
and at the end combustion and engine exhaust
emissions.
5 CONCLUSIONS
This paper has reviewed results from a research
programme undertaken for the development, test-
ing, and production of VCO nozzles operating with
current production Tier 3 off-highway diesel en-
gines. The focus of the investigation was on the
effect of injector design on (a) the internal nozzle
flow and (b) the engine performance and exhaust
emissions. In particular, the common rail injector
incorporating the standard VCO nozzle has shown
cavitation erosion problems at specific operation
modes, which have included pilot and main injec-
tion events. Simulation of the flow with an in-house
CFD cavitation model has indicated that the ob-
served cavitation damage correlates well with areas
of bubble collapse; the relative magnitude of a
surface parameter, referred to as ‘acoustic pressure’,
has been demonstrated to be indicative of the
cavitation erosion sites.
As part of redesigning the injector in terms of its
durability, different needle shapes have been tested
as well as nozzles with tapered holes. Specific needle
shapes incorporating a groove facing the injection
holes have been proved to modify the flow distribu-
tion during the opening phase of the needle valve
and eliminate cavitation erosion. Nozzles with
tapered holes also suppress formation of geometric
cavitation and have also been proved erosion-free.
However, experiments performed in enlarged trans-
parent nozzle replicas have provided evidence of
string cavitation structures formed inside the different
nozzle designs. The nozzles with the grooved needle
have been found to enhance formation of string
cavitation, in an unsteady and non-repeatable mode.
The formation of cavitation strings was maximized at
lower lifts of the grooved needle in the tapered hole
nozzle. Interestingly enough, the grooved nozzle
designs dominated by string cavitation have been
found to result in increased engine exhaust emissions,
while nozzles with tapered converging holes have
been found to satisfy both durability to surface erosion
and engine exhaust emissions.
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APPENDIX
Notation
l length/distance
PBACK downstream pressure
PINJ injection pressure
PV vapour pressure
Re Reynolds number
t time
V volume
mL dynamic viscosity
rL liquid density
Abbreviations
CCD charged coupled device
CFD computational fluid dynamics
CN cavitation number
DI direct injection
PM particulate matter
SEM scanning electron microscope
SPM statistical parametric mapping
TP tapered
VCO valve covered orifice
